Background: Pediatric patients undergoing hematopoietic stem cell transplantation (HSCT) are at high risk of acquiring fungal infections. Antifungal prophylaxis shortly after transplantation is therefore indicated, but data for pediatric patients under 12 years of age are scarce. To address this issue, we retrospectively assessed the safety, feasibility, and initial efficacy of prophylactic posaconazole in children. Both regimens were well tolerated without severe side effects. In addition, no proven or probable invasive mycosis was observed. Conclusion: Posaconazole was a well-tolerated, safe, and effective oral antifungal prophylaxis in pediatric patients who underwent high-dose chemotherapy and HSCT. Posaconazole at a dosage of 12 mg/kg body weight divided in three doses produced consistently higher morning trough levels than in patients who received posaconazole 5 mg/kg body weight b.i.d. Larger prospective trials are needed to obtain reliable guidelines for antifungal prophylaxis in children after HSCT.
Background
Invasive fungal infection plays a major role in immunocompromised pediatric patients after high-dose chemotherapy and allogeneic hematopoietic stem cell transplantation (HSCT) [1] [2] [3] . Antifungal prophylaxis early after transplantation is therefore indicated, yet data for oral antifungal prophylaxis in pediatric patients who have undergone stem cell transplantation are scarce. In our clinic, the intravenous antifungal prophylaxis in pediatric HSCT recipients consisted of liposomal amphotericin B (1 mg/kg/day) during conditioning. On day +1 after HSCT we changed to caspofungin in a dosage of 1 x 50 mg/m 2 /day due to lower nephrotoxicity with comparable efficacy [4] .
Posaconazole, a broad-spectrum triazole, has shown activity against Candida spp., Aspergillus spp., Cryptococcus spp., and certain agents of mucormycosis and fusariosis in adults [5] [6] [7] [8] . While most azole derivatives inhibit a broad range of cytochrome c-dependent enzymes and interfere with other drugs, including immunosuppressants, posaconazole is a potential inhibitor of CYP 3A4 and is not significantly metabolized by any CYP isozyme [9] [10] [11] . Posaconazole was more effective than fluconazole or itraconazole in prevention of invasive fungal infections in adult patients with myelodysplastic syndrome or acute myeloid leukemia [12] . It was superior in preventing invasive aspergillosis and reducing the rate of deaths related to fungal infections in adults with graft-versus-host disease [13] . A retrospective analysis presented evidence that long-term posaconazole prophylaxis in adults after HSCT was associated with few invasive mold infections [14] .
The effectiveness and low incidence of side effects of posaconazole in adults and break-through infections with other azoles in our clinic was the rationale for changing to posaconazole for oral prophylaxis in pediatric patients. There was no drug licensed in Germany for antifungal prophylaxis in children after BMT at the time of this retrospective survey. To address specific questions in relation to pharmacokinetic evaluations, we conducted plasma level measurements. In this retrospective study, we analyzed the plasma concentrations of posaconazole during antifungal monoprophylaxis in two different posaconazole prophylaxis regimens. We herein present the safety, feasibility, and initial efficacy of antifungal prophylaxis with posaconazole after allogeneic HSCT in 60 pediatric patients under 12 years of age.
Methods

Study design
In this retrospective, single-center study we analyzed pediatric patients under 12 years of age who underwent allogeneic HSCT from August 2007 to July 2010 at the University Children's Hospital Tübingen, Germany. This retrospective study was performed under the waiver for retrospective anonymized studies in accordance with the institutional ethics regulations. Drug levels were analyzed in excessive blood samples drawn for routine laboratory tests. Posaconazole was commenced upon discharge from the BMT unit following systemic antifungal prophylaxis with liposomal amphotericin B or caspofungin. We adapted the recommended dosage of 200 mg t.i.d. in adults (approximately equivalent to 10 -12 mg/kg body weight in a adult weighing 50 -60 kg) to the weight of pediatric patients [9] . Patients received posaconazole at either 5 mg/kg body weight b.i.d. or 4 mg/kg body weight t.i.d. Posaconazole was continued until day 100 following allogeneic HSCT and then until CD3 + T cells reached 200/μL and CD4 + T cells reached 100/μL in the peripheral blood as determined by flow cytometry. The observation period in this retrospective analysis was defined as the period from the start of posaconazole until treatment cessation and was no longer than day 200 after HSCT. The primary endpoint of this trial was the incidence of proven or probable invasive fungal infection during the observation period under posaconazole therapy. Criteria for diagnosis of invasive fungal infection were used as proposed by the Cooperative Group of the European Organization for Research and Treatment of Cancer and Mycoses Study Group of the National Institute of Allergy and Infectious Diseases (EORTC) [15] . Concerns about safety and tolerance provided secondary endpoints.
Assessment of safety and tolerance
Treatment-related clinical and laboratory adverse events were registered, analyzed, and graded according to the current US National Cancer Institute's Common Terminology Criteria for Adverse Events [16] . Blood analyses were recorded before, during, and at the end of antifungal prophylaxis. Blood samples were taken at least twice a week until day 100 and at least once a week thereafter until day 200. Baseline values were analyzed on the day before the start of posaconazole treatment.
Assessment of efficacy
During the course of treatment with posaconazole, all pediatric patients were under continuous surveillance for proven or probable fungal infections. Monitoring took place via regular clinical assessment, routine laboratory analyses of factors including C-reactive protein and galactomannan antigen, and computed tomography, where indicated. At least once weekly until day 100 post-transplant, galactomannan antigen was measured by an Aspergillus enzyme-linked immunosorbent assay (Platelia TM ; Bio-Rad Laboratories, Munich, Germany). Breakthrough infection was defined as proven and probable invasive fungal infection according to EORTC criteria of 2008 [15] . Successful oral antifungal monoprophylaxis with posaconazole was defined as the absence of fungal infection during and at the end of oral prophylaxis as well as the absence of clinical and laboratory adverse events associated with posaconazole.
Posaconazole plasma concentrations
By examining the excess material remaining after laboratory analyses, which had been routinely cryopreserved, we analyzed the trough plasma concentrations of posaconazole in six pediatric patients receiving posaconazole at 5 mg/kg body weight b.i.d. and eight pediatric patients receiving posaconazole at 4 mg/kg body weight t.i.d. by high-performance liquid chromatography [17] .
Statistical considerations
All data were analyzed by descriptive and inferential statistics. The pharmacokinetic analysis, which compared the measured posaconazole trough levels at the various dosages, was performed via the Mann-Whitney U test. The Wilcoxon matched-pairs signed-ranks test was used for statistical comparison of continuous blood parameters, transaminases, and cholestasis parameters. To determine whether our sample group exhibited statistically significantly different values from the age-adjusted normal range, the one-sample t-test, taking into account 95% confident intervals, was used. Analysis of the influence of posaconazole on the CsA serum concentration was first performed with the Friedman two-way analysis of variance by ranks, then secondarily with the Wilcoxon matched-pairs signed-ranks test, using four comparison points: days 2 to 3, days 4 to 6, days 8 to 12, and days 16 to 20 after the start of posaconazole. P values of ≤ 0.05 (*), ≤ 0.01 (**), and ≤ 0.001 (***) were defined as statistically significant. Graphs were created with the graphics program GraphPad Prism 4 for Windows, version 4.03 (GraphPad Software, San Diego, CA, USA), and statistical analysis was carried out with the statistical program XLSTAT 2010 (Addinsoft, Paris, France).
Results
Patient characteristics
We assessed 60 consecutive pediatric patients (38 males, 22 females) under 12 years of age with hematooncological malignancies and inborn errors of metabolism who received primary oral antimycotic monoprophylaxis with posaconazole after allogeneic HSCT. Posaconazole was given in the outpatient setting and initiated two to four days before discharge. The most common primary diagnoses were acute lymphoblastic leukemia in 17 (28.3%) and aplastic anemia in 9 (15%) of 60 pediatric patients. The median age was 6.0 years (range, 0.7 -11.5 years). 30 of the 60 pediatric patients received a myeloablative conditioning regimen (MAC), from which 12 of 30 received TBI, 2 of 30 were treated with busulfan, and 16 of 30 with treosulfan. 20 of the 60 pediatric patients received a reduced-intensity conditioning regimen (RIC) with melphalan. 5 patients received a conditioning regimen with fludarabin and thiotepa, 4 patients with fludarabin and cyclophosphamide, and 1 patient with thiotepa and cyclophosphamide. Patients receiving a graft from a MUD, MMUD or MFD received short course MTX and CsA. Patients undergoing haploidentical transplantation received a T-cell depleted graft and mycophenolate mofetil only. All Patients with GvHD listed in Table 1 were treated.
Twenty-eight pediatric patients received an oral suspension of posaconazole at 5 mg/kg body weight b.i.d., and the remaining 32 patients received the suspension at 4 mg/kg body weight t.i.d. Not any other changes to the allogeneic HSCT protocol or prophylaxis were made simultaneously with the change in posaconazole dosing. The median observation period for the treatment with posaconazole lasted until day 162 after allogeneic HSCT (with a range from day 24 to day 212 after HSCT). The median treatment period with posaconazole was 127 days (range 12 -188 days). Eight of the 60 pediatric patients were monitored for a period less than one hundred days after HSCT (with a range from 24 to 86 days after HSCT). The intravenous antifungal prophylaxis before the start of posaconazole was liposomal amphotericin B in 23 patients and caspofungin in the remaining 37. Children received cotrimoxazole and aciclovir simultaneously with posaconazole.
The median duration of neutropenia pre-engraftment was 12 days (range 10 -24 days), mean 12.58 ± 1.84. Because of post-transplant complications in two patients with intestinal graft-versus-host disease and two patients with severe bacterial infection, oral posaconazole was replaced by intravenous caspofungin. These patients were included in the analysis until change of the antifungal prophylaxis.
Efficacy analysis
All 60 pediatric patients were included in the final efficacy analysis. There were no incidences of proven or probable invasive fungal infection during treatment with posaconazole as antifungal prophylaxis. Five patients (8.3%) died of causes other than invasive fungal infection, including relapse of the underlying disease in four cases, and a single case of disseminated intravascular coagulation (DIC). Two of them died during the observation period with posaconazole. These patients were included in the analysis until antifungal prophylaxis with posaconazole was discontinued.
Safety and tolerability analysis
Side effects potentially related to posaconazole were recorded in five (8.3%) of the 60 patients; these included one patient with pruritus (1.7%), three with nausea (5%), and one with vomiting (1.7%) ( Table 2 ). All of these secondary effects were of severity grade I or II [16] . In the cases of vomiting (n = 1) and nausea (n = 3), we ceased the antifungal prophylaxis with posaconazole and continued with voriconazole, instead. These patients were included in the analysis up until the last day of their treatment with posaconazole.
Reconstitution of hematopoiesis, including platelets and lymphocyte subpopulations, proceeded in a timely manner (Figure 1 ). Hepatic function testing showed significant grade I and II alanine aminotransferase (ALT) elevations (P < 0.001) and grade I aspartate aminotransferase (AST) elevations (P < 0.001) during posaconazole treatment respective to baseline (Figure 2) . In 84% of patients, these increases emerged by day 14 after the start of treatment. Interestingly, these parameters normalized in 86% of patients by day 27 after the start of posaconazole. The significant increases (P < 0.001) in ALT and AST were observed in both treatment groups (both b.i.d. and t.i.d. posaconazole therapy). Cholestasis parameters, such as direct bilirubin, increased during posaconazole treatment in two patients with grade II elevations (one patient in each treatment group).
Cyclosporin A levels
Analysis of cyclosporin A (CsA) whole blood concentrations was performed during the observation period in 28 pediatric patients treated with CsA + posaconazole. A total of 16 (57.1%) pediatric patients exhibited a statistically significant yet moderate increase in CsA blood concentration (by 28%) on days 2 to 6 (P < 0.01) after the start of posaconazole (Table 2) , and a reduction in the CsA dose, which ranged from 10% to 32%, was performed in 12 (75.0%) of these 16 patients at that point. Adjustments to the dosage of CsA after treatment day 8 took place in only one of the twelve (8.3%) patients. An average CsA dose reduction of 22% (range, 10 -32%) was sufficient to compensate for these drug interactions.
Posaconazole levels
A total of 48 trough plasma concentrations of posaconazole were analyzed in 6 pediatric patients who had 291 -1243 μg/L), but the difference was not significant (P = 0.27). Seventy-nine (88.7%) of all (n = 89) posaconazole trough levels in this retrospective analysis were measured during the use of H2 receptor antagonist ranitidine or the proton pump inhibitor omeprazole. Three of 24 pediatric patients in whom posaconazole trough levels were measured experienced diarrhea. These cases consisted of two of the children who had received posaconazole three times daily and one child who had received posaconazole twice daily. In none of these children did the levels lay lower than the trough levels of the children in the same group without diarrhea.
Discussion
No drugs were licensed in Germany for use as antifungal prophylaxis in children after BMT at the time when this retrospective survey took place. Furthermore, we had observed breakthrough infections with the treatment of azoles other than posaconazole in the past. In a historical group of 50 pediatric patients whom we had treated in our center with an antifungal prophylaxis with itraconazole after allogeneic HSCT, three possible fungal infections were observed. This data is in concordance with data obtained at other centers [18] . These reasons prompted our choice of posaconazole, due to its promising results in adult patients. To address specific questions with regard to pharmacokinetic evaluations, we conducted plasma level measurements. According to the current guidelines for antifungal management in adult patients, posaconazole is recommended as primary antifungal prophylaxis following allogeneic HSCT [19] . Based on the data on posaconazole as oral antifungal prophylaxis in adults we decided to use posaconazole in pediatric patients as well [12, 13] . We retrospectively assessed data on the plasma levels, efficacy, safety, and tolerability of posaconazole in 60 pediatric patients under 12 years of age after HSCT. Varying dosages of posaconazole as antifungal prophylaxis and therapy for invasive fungal infections have been reported in adults [5, 12] , while dosages for pediatric patients have not yet been defined [20, 21] . We adapted the recommended prophylactic dosage of 600 mg/day in adults to the weight of pediatric patients [9] . Initially, the frequency of administration of posaconazole was 5 mg/kg b.i.d. However, data became available showing that trough levels of pediatric patients were lower and less stable compared with those reported in adults [12, 13, 22, 23] . Therefore, the frequency of administration and daily dosage were increased to 4 mg/kg t.i.d.
Posaconazole trough levels under the latter regimen were consistently higher than trough levels in patients who received posaconazole b.i.d. and only slightly lower than posaconazole trough levels in adults undergoing posaconazole prophylaxis [12, 13] . In another report posaconazole levels > 0.5 mg/L correlated with a better outcome [24] . Although we mostly found lower values in our patient cohort, no invasive fungal infections were observed. This illustrates that a prospective randomized controlled study in pediatric patients is of pressing importance to verify this data. There is only one published pediatric study on dose determination involving a small group of 12 pediatric and juvenile patients (median age, 15 years) with invasive fungal infections; the therapeutic dose of posaconazole in 11 of 12 patients was 800 mg/day in divided doses with a median posaconazole through level of 579 ng/mL (range, 85.3 -2891 ng/mL; mean, 776 ng/mL) [25] . In our prophylaxis study, we observed lower posaconazole trough levels (median, 404 ng/mL; range, 291 -1243 ng/mL; mean, 476 ± 246.84 ng/mL) from day 7 after the start of treatment at 4 mg/kg t.i.d. A randomized crossover study with healthy subjects showed the highest posaconazole levels during and after a high-fat meal and with avoidance of proton pump inhibitors [26] . Most of the pediatric patients enrolled in our retrospective analysis received a proton pump inhibitor (76.67%, n = 46) or a H2 receptor antagonist (10%, n = 6) at least once a day during analysis of posaconazole trough levels; it is probable that the trough levels would be higher with avoidance of proton pump inhibitors.
Only a few studies have been published on the usage of posaconazole in pediatric patients with a small number of cases. A multi-center retrospective survey reported data on 15 pediatric patients (median age, 10 years) with invasive fungal infections, most of them with hematooncological malignancies, who received posaconazole salvage therapy at a median dosage of 21 mg/kg body weight (range, 4.8 -33.3 mg/kg). Posaconazole was effective as salvage therapy for proven and probable invasive fungal infections [20] . Another retrospective survey on the off-label use of posaconazole as secondary prophylaxis and rescue therapy included 15 pediatric patients (median age, 10 years). Twelve of these patients experienced an invasive fungal infection, i.e. proven aspergillosis in one patient, probable aspergillosis in ten patients and possible mycosis in one patient. Three patients received posaconazole as primary (n = 2), and secondary (n = 1) prophylaxis in high-risk situations, i. e. treatment with steroids, acute GvHD, and haploidentical HSCT. 9 of the 15 patients were post-HSCT. Patients received varying dosages, including 200 mg/day (t.i.d.) in 12 cases, 400 mg/day (b.i.d.) in two cases, and 100 mg/day (t.i.d.) in a single patient [21] . Posaconazole was well tolerated and showed significant clinico-radiological Figure 3 Posaconazole trough levels. Analysis of posaconazole morning trough levels at 5 mg/kg body weight daily (b.i.d.) (n = 48) and morning trough levels at 4 mg/kg body weight daily (t.i.d.) (n = 41). These morning trough levels were significantly different (P < 0.001) according to the Mann-Whitney U test. The gray area indicates the reported range of posaconazole trough levels in adults.
improvements in 9 of these 12 patients. In our pediatric patients, we observed a significant but moderate and reversible increase in the liver parameters ALT and AST. This finding corresponds with observations made in a retrospective study of salvage therapy in pediatric patients [20] . The survey also reported side effects similar to those in our analysis, such as nausea and vomiting. Drug interactions involving posaconazole and calcineurin inhibitors can occur due to inhibition of the CYP3A4 isoenzyme [11] . We observed a significant increase in the CsA plasma concentration in 16 (57.1%) of the 28 pediatric patients in our cohort. An average CsA dose reduction of 22% (range, 10 -32%) was sufficient to adjust for this reaction. Similar elevated CsA trough levels were also observed in up to 41% of patients in another retrospective review of adult and pediatric HSCT recipients after voriconazole administration [27] . The limitations of the measured posaconazole levels in our analysis are that they took place retrospectively from excess material remaining after laboratory analyses which had been routinely cryopreserved, and that only on arbitrary time points after day seven (the point commonly known to be the time when a steady state of posaconazole levels plasma is reached) were possible. It is of utmost importance to establish a pharmacokinetic analysis within the framework of a prospective, randomized study in pediatric patients.
